Activator protein-1 (AP-1) is a transcription factor that consists of either a Jun-Jun homodimer or a Jun-Fos heterodimer. Transactivation of AP-1 is required for tumor promoter-induced transformation in mouse epidermal JB6 cells and for progression in mouse and human keratinocytes. Until now, the question of whether AP-1 transactivation is required for carcinogenesis in vivo has remained unanswered, as has the issue of functionally significant target genes. To address these issues we have generated a transgenic mouse in which transactivation mutant c-jun (TAM67), under the control of the human keratin-14 promoter, is expressed specifically in the basal cells of the epidermis where tumor induction is initiated. The keratin-14-TAM67 transgene was expressed in the epidermis, tongue, and cervix, with no apparent abnormalities in any tissue or organ. TAM67 expression blocked 12-O-tetradecanoylphorbol 13-acetate (TPA, phorbol 12-tetradecanoate 13-acetate) induction of the AP-1-regulated luciferase in AP-1 luciferase͞TAM67 mice, but did not inhibit induction of candidate AP-1 target genes, collagenase-1 or stromelysin-3. More interestingly, TAM67 expression did not inhibit TPA-induced hyperproliferation. In twostage skin carcinogenesis experiments, the transgenic animals showed a dramatic inhibition of papilloma induction. We conclude that transactivation of a subset of AP-1-dependent genes is required for tumor promotion and may be targeted for cancer prevention.
Carcinogenesis is a multistage process that encompasses multiple genetic and epigenetic events (reviewed in refs. [1] [2] [3] . These events can be divided into three independent stages: initiation, promotion, and progression. Initiation is rapid and irreversible and occurs at a high frequency, whereas promotion is a long-term process that requires chronic exposure to a tumor promoter. The rate-limiting steps in multistage carcinogenesis now are understood to occur during tumor promotion and tumor progression. Understanding the molecular basis of these steps is important for prevention of carcinogenesis. Studies in our laboratory (4) (5) (6) and others (7-9) using cell culture models have implicated transactivation of the transcription factor activator protein-1 (AP-1) as important in traversing tumor promotion and͞or progression stages. AP-1 is composed of heterodimers of Jun (cJun, Jun B, and Jun D) and Fos (cFos, Fos B, Fra 1, and Fra 2) or homodimers of Jun͞Jun (10) . AP-1 regulates the transcription of a number of genes, some of which may mediate neoplastic transformation (11, 12) .
The mouse epidermal JB6 cells have proven to be valuable in studying tumor promotion because they include variants stably trapped in a promotable stage (4, 13, 14) . In transformation-sensitive (Pϩ) but not transformation-resistant (PϪ) JB6 cell lines, tumor promoters such as phorbol esters or growth factors induce AP-1 activity and neoplastic transformation. The AP-1 inhibitor TAM67 (a transactivation domain deletion mutant of cJun) acts to sequester Jun and Fos family proteins in low activity complexes (5, 15) . In JB6 cells, inhibition of AP-1 induction by TAM67 or by AP-1 transrepressing retinoids blocks 12-O-tetradecanoylphorbol 13-acetate (TPA, phorbol 12-tetradecanoate 13-acetate)-and epidermal growth factor-induced AP-1 transactivation and cell transformation (5, 16) . In mouse keratinocytes, the expression of TAM67 under the control of the human keratin 14 (hK14) promoter (K14-TAM67) inhibited TPA-induced AP-1-dependent transcriptional activity, as well as TPA-induced Matrigel invasion (17) . Others also have reported findings implicating AP-1 activation in invasion (9) . Similarly, in HPV18-E6E7͞v-fos-transformed human keratinocytes, K14-TAM67 expression inhibited elevated AP-1 activation and suppressed anchorage-independent growth (6) . K14-TAM67 expression also inhibited TPA-induced or constitutively elevated NFB transactivation in mouse and human keratinocytes (6, 17) .
In vivo models of multistage mouse skin carcinogenesis have proven useful in elucidating the molecular events that occur during tumor induction (3) . Studies with mouse models have suggested that c-fos expression is involved in benign-tomalignant tumor progression (18) . Furthermore, in c-fos null mice initiated by v-H-ras, papillomas were induced by phorbol ester treatment, but these morphologically unusual tumors did not convert to carcinomas, suggesting that whereas a cFos function is required for the progression of tumors from benign papillomas to malignant carcinomas, it is not required for papillomagenesis (19) . The effects on carcinogenesis of c-jun knockout mice could not be assessed as c-jun null embryos were not viable (20) . Because cFos can contribute to transcription factor complexes other than AP-1 (21), because activated forms of AP-1 do not necessarily contain cFos, and because expression of matrix metalloproteinases (MMPs) that contain AP-1 binding sites can be insensitive to AP-1 inhibitors (17), the question heretofore has remained unresolved as to whether AP-1 transactivation is required for tumor promotion or tumor progression in vivo.
To more precisely define the role of AP-1 transactivation in tumor promotion and͞or progression, we used a K14-TAM67 construct to direct expression of dominant negative c-jun to the basal squamous cells of the epidermis in transgenic mice. We report here that dominant negative c-jun-expressing transgenic mice are inhibited for tumor promoter-induced AP-1 transactivation and are protected against skin tumor promotion without evidence of skin anomalies. These results support the hypothesis that AP-1-dependent gene expression is required during the tumor promotion step of skin carcinogenesis and can be targeted for cancer prevention.
MATERIALS AND METHODS
Construction and Genotyping of Transgenic Mice. All animals were obtained from the Frederick Cancer Research and Development Center animal processing area maintained by Charles River Labs. The construction of the K14-TAM67-hGH vector (hGH, human growth hormone) has been described (17) . Briefly, TAM67 isolated from pMexMTHneoTAM67 (15) was inserted downstream of the hK14 promoter (22) . A 5.8-kb fragment containing the K14-TAM67-hGH gene was isolated and microinjected into B6D2͞F 1 one-cell embryos as described (23) . K14-TAM67 transgenic mice were backcrossed with DBA͞2 mice. C57B6͞AP-1 luciferase (AP-1-luc) mice (24) crossed with heterozygous K14-TAM67 mice to produce TAM67-positive and TAM67-negative B6D2͞AP-1-luc mice.
Offspring carrying the K14-TAM67 transgene were identified by PCR analysis of tail DNA. Reaction containing 20 pmol of hK14 primers (GenBank accession no. U11076) bp 1693-1717 and 2205-2181, glyceraldehyde-3-phosphate dehydrogenase primers (M32599) bp 255-274 and 637-618, or luciferase primers GCGGAATACTTCGAAATGTCC and CCTTAG-GTAACCCAGTAGATCC, were amplified by using a GemAmp PCR kit (Perkin-Elmer) according to the manufacturer's recommendations. PCR products were separated on a 1.2% agarose gel. The DNA copy number of the transgene was determined by Southern analysis of PstI-digested DNA extracted from liver and probed with a TAM67-specific DNA probe.
Reverse Transcription (RT)-PCR and Detection of mRNA Expression. Tissues for RNA expression were harvested from animals after cervical dislocation. Ears, liver, kidney, cervix, tongue, and full thickness dorsal skin were snap-frozen in liquid nitrogen. Epidermis was separated from dermis as described (25) . All tissue was pulverized in liquid nitrogen with a mortar and pestle and immediately placed in quanidium isothiocyanate, homogenized, and extracted with phenolchloroform by using a Rapid RNA isolation kit from 5 Prime 3 3 Prime.
RNA expression of the transgene, mK14, ornithine decarboxylase (ODC), collagenase-1, and stromelysin-3 were analyzed by RT-PCR with the gene amplification kit from PerkinElmer according to the manufacturer's recommendation. Gene-specific antisense primers (for TAM-hGH and mK14) or random hexamer primers (for 18s) were used to prime the RT reaction. For PCR amplification of cDNA the following primers were used: for TAM-hGH, c-jun (GenBank accession no. TPA Induction of Hyperproliferation and AP-1 Activation. Animals were shaved with surgical clippers 2 days before treatment. Either a single dose or four doses administered twice a week of acetone or TPA (10 nmol in 0.2 ml of acetone) were painted on dorsal skin. Alternatively, 10 nmol of TPA in 0.1 ml of acetone was applied to the left ear and 0.1 ml of acetone to the right. For RNA expression, tissue was collected 6 hr after TPA treatment. For histological analysis, samples were collected at 24 or 48 hr after the last treatment, fixed overnight in 4% paraformaldehyde, and then embedded in paraffin. Five-micrometer sections were stained with hematoxylin͞eosin (H&E). TPA-induced hyperproliferation was determined from H&E-stained slides. Four images from each sample were analyzed by confocal laser scanning microscopy from random regions on the slides. Hyperproliferation was determined by measuring the thickness of the epidermis by using the Optimas 6.2 Image Analysis Program (Media Cybernetics, Silver Spring, MD). Four measurements were made at random from the surface of the epidermis starting from the top of the basement membrane to the bottom of the strateum corneum.
Assays of AP-1-Luc Activity. AP-1-luc activity was measured in AP-1-luc͞TAM67 mice and in their TAM67-negative siblings. Mice were treated with 100 l of acetone on the right ear and 100 l of TPA (10 nmol) on the left ear. After 16 hr, ear punches of 2 mm were collected and lysed in 100 l of lysis buffer. Twenty microliters of lysate was added to 100 l of luciferase substrate (Promega), and luciferase activity was determined in a Monolight 2010 luminometer (Analytical Luminescence Laboratory, San Diego).
cDNA Array and RNase Protection Assays of Gene Expression. Gene expression from total RNA isolated from dorsal epidermis 6 hr after exposure to TPA or acetone was examined by cDNA array using CLONTECH's Atlas mouse cDNA expression array according to the manufacturer's recommendation. Gene expression was determined by scanning with a Molecular Dynamics PhosphorImager.
Two-Stage Skin Carcinogenesis. Dorsal skins of 8-week-old mice were shaved, and 2 days later a single dose of 400 nmol 7,12-dimethylbenz[a]anthracene (DMBA) in 200 l of acetone was applied. Ten days after initiation, mice were treated with 10 nmol of TPA in 200 l of acetone twice a week for 20 weeks. The number of papillomas detected by palpation was recorded once a week. One week after TPA was stopped, three mice from each group were sacrificed, and skin tissues were snapfrozen in liquid nitrogen and͞or fixed in freshly prepared 4% paraformaldehyde followed by paraffin embedding. The remaining mice were maintained an additional 20 weeks after TPA was discontinued at which time the mice were sacrificed and tumors were isolated and fixed in 4% paraformaldehyde embedded in paraffin.
RESULTS

Tissue-Specific Expression of K14-TAM67 in Transgenic
Mice. The K14-TAM67 transgenic mice were created in tumor promotion-sensitive strain B6D2͞F 1 . Four K14-TAM67-positive animals originally were identified by PCR analysis of tail DNA using primers that hybridize to the hK14 promoter (data not shown). TAM67 was expressed in three founder colonies (Fig. 1A) . The copy number of the transgene in founders 1 and 2 was determined by Southern blot analysis to be approximately 5.
The hK14 promoter was chosen to direct expression of TAM67 to the epidermis. Tissue-specific expression from the hK14 has been well characterized (26) . Expression from the hK14 promoter has been detected in the tongue, oral epithelium, esophagus, and cornea, and to a lesser extent in the cervix and mammary epithelium (26) (27) (28) . Tissue-specific expression of the K14-TAM67 transgene was analyzed by RT-PCR of total RNA isolated from liver, kidney, dorsal skin, tongue, and cervix (Fig. 1B) . TAM-hGH spliced mRNA was detected in dorsal skin and tongue and at low levels in the cervix, but not in liver or kidney. The same pattern of expression was seen for the mouse K14 mRNA. Thus, whereas the hK14 promoter was chosen to direct expression of the dominant negative c-jun to the skin, the K14-TAM67 transgenic mice also may be useful in determining the role of AP-1-regulated genes or of other TAM67 targets in oral and͞or cervical carcinogenesis.
Cutaneous expression of K14 is restricted to the basal layer of the epidermis, where tumor induction is initiated, and is down-regulated as the basal layer differentiates. K14 expression has not been detected in the dermis (29) . To confirm that K14-TAM67 was expressed specifically in the epidermis, the epidermis of dorsal skin from transgenic mice was separated from dermal tissue, and total RNA was isolated and subjected to RT-PCR analysis (Fig. 1B) . K14-driven expression of TAM67 was similar to that of the endogenous mK14 gene; both were detected in the epidermis and not in the dermis of the transgenic animals. 18S rRNA was detected in all samples as a positive control for RT-PCR.
Expression of TAM67 Has No Apparent Effect on the Morphology of the Skin. There appears to be no gross morphological effect associated with expression of TAM67 in the skin. The basal layer, spinous layer, granular layer, and stratum corneum all appear similar to that of the TAM67-negative sibling. The epidermal thickness was also similar in transgenic and control mice, thus indicating neither a hypo-nor a hyperproliferation response to the transgene expression. Furthermore, no abnormalities were seen in the dermis or any other tissue examined by histopathology analysis. TAM67 mice have normal weights when compared with negative siblings, and there was no apparent morphological change associated with aging in 18-month-old animals. The lack of any detectable morphological defects associated with K14-TAM67 suggests that the basal squamous cell-specific expression of TAM67 had no gross effects on development or growth.
Expression of TAM67 Blocks TPA-Induced AP-1 Transactivation. To determine the effects of TAM67 expression on phorbol ester-induced AP-1 activation, K14-TAM67 transgenic were crossed with AP-1-luc reporter transgenic mice (24) . Luciferase activity from ear punch biopsies from transgenic mice treated with acetone (right ear) or TPA (left ear) showed that the basal level of AP-1 transcriptional activity was somewhat lower in TAM67 double transgenic mice than in the AP-1-luc mice (Fig. 2) . In contrast, TPA-induced AP-1 activation was dramatically inhibited by more than 80% in the TAM67 mice compared with their negative siblings. Repetition of these assays under conditions that allowed more complete lysis and more sensitive measurement of luciferase activity showed greater than 80% inhibition of TPA-induced AP-1-luc activity, without inhibition of basal levels (data not shown). Thus, expression of TAM67 in skin markedly reduced TPA-induced but not basal AP-1 transactivation.
Analysis of TPA-Induced Gene Expression. To determine which endogenous AP-1-dependent target genes may be affected by TAM67 expression, it was first necessary to determine the appropriate time after TPA treatment at which to measure AP-1-dependent gene expression. To this end, TPAinduced luciferase activity was determined from ear biopsies at various time intervals. AP-1 activity was not detected at 4 hr but was readily detected at 6 hr after the application of TPA (data not shown). This finding is in agreement with others who have shown TPA induction of candidate AP-1 target genes in the skin at 6 hr after treatment (30, 31) . Therefore, dorsal skin of TAM67 mice and their negative siblings was treated with a single application of TPA or acetone, and 6 hr later RNA was isolated from the epidermis of the treated skin. Gene expression was analyzed by DNA array blotting using the mouse Atlas array blot from CLONTECH. Expression of 60% of the 588 genes was clearly detectable by this method. Of these, 46 were up-or down-regulated after TPA exposure (Fig. 3A shows representative grids). Two genes known to be up-regulated by TPA, ODC (30, 31) and plasminogen activator inhibitor-2 (PAI-2) (32), showed a similar induction by TPA in the transgenic and control mice (5-and 4-fold for ODC, 5-and 8-fold for PAI-2). On the other hand, the level of the differentiation-specific keratin-1 (K-1) (29) message was downregulated similarly in the TPA-treated animals (6-and 4-fold 1-3) , negative littermate (lane 4). RNA indicates the TAM67 PCR product of the cDNA generated by RT. DNA indicates the DNA product from PCR of the genomic DNA contaminating the RNA samples. ␤-actin is the RT-PCR product from the mouse ␤-actin gene. (B) TAM is expressed in epidermis, tongue, and cervix, but not dermis, liver, or kidney. RNA was subjected to RT-PCR using primers to amplify mouse K14 (mK14), TAM-hGH, ␤-actin mRNA, or 18s RNA.
in the TAM67 and control mice, respectively), reflecting reduced differentiation relative to proliferation in the TPAtreated epidermis. The level of the K14 mRNA did not change significantly in either set of mice with TPA treatment. Of the 350 genes whose expression was detectable, none appeared to be differentially regulated in the transgenic mice compared with their negative siblings. It perhaps is surprising that TPA-induced expression of ODC was not inhibited by TAM67 expression. It has been shown that ODC expression is necessary for tumor promotion in mouse skin (33) . Although the ODC promoter lacks AP-1 sites, whether ODC expression indirectly depends on AP-1 was previously unknown. These results establish ODC induction in vivo as occurring independently of AP-1. Finally, other growth-related genes excluded as TAM67 targets by this analysis include cyclin A and cyclin A1 (data not shown).
To measure the expression of individual genes that were either not present or not detectable on the array, RT-PCR analysis was used. Fig. 3B shows that TPA induced expression of the MMPs collagenase-1 and stromelysin-3 equally in the TAM67-expressing mice and in their negative siblings. These analyses indicate that the inhibitory effect of TAM67 on AP-1-luc is not generalized to all of the potentially AP-1-regulated endogenous genes. These results were somewhat surprising in that activation of MMP promoter-reporter constructs has been shown in some models to depend on AP-1, and expression of endogenous MMPs and other TPA-inducible genes has been interpreted as reflecting AP-1 activation. RNase protection assay using mouse cytokine mCK-2 or the jun͞fos primers set from PharMingen showed equal induction of IL-1␣, IL-1␤, junB, and fra1 by TPA in both mice (data not shown). Taken together, these gene expression results appear to exclude multiple MMPs, cytokines, and cyclins, as well as ODC and members of the Jun and Fos family as K14-TAM67 target genes.
TPA-Induced Hyperproliferation Is Not Inhibited by TAM67. Acute treatment of mouse skin with the tumor promoter TPA has been shown to induce hyperproliferation of the epidermis (34) , and prolonged treatment with TPA after tumor initiation can lead to papilloma formation (ref. 35 and reviewed in ref. 36 ). Furthermore, it has been shown that tumor promoter-induced hyperproliferation is necessary but not sufficient for the development of papillomas (which give rise to carcinomas) in mouse skin models (37) (38) (39) . To determine the effects of TAM67 expression on hyperproliferation in mouse epidermis, transgene-positive and control mice were treated with TPA or acetone. Dorsal skin sections were analyzed by H&E staining at 24 hr and at 48 hr after treatment (Fig. 4A) . TPA-induced hyperproliferation was measured as an increase in the thickness of the epidermis reflecting increased numbers of suprabasal dividing cells. TPA-induced hyperproliferation was apparent in both control and transgenic mice by 24 hr after a single treatment of TPA, and by 48 hr the degree of hyperproliferation in both groups was more than 2-fold that of the acetone control animals (Fig. 4B) . Because a sustained hyperplasiagenic response after multiple exposures to TPA distinguishes promotion-sensitive from promotion-resistant mice (40, 41) we asked whether the hyperplasia in the TAM67 mice was sustained after four twice-weekly applications of TPA, conditions in which TPA induced AP-1-luc was shown to 3 . TPA induces ODC, plasminogen activator inhibitor-2, and MMPs equally in transgenic and control mice. (A) Epidermal RNA from four control or four B6D2͞N1͞TAM67 transgenic mice, exposed to acetone or TPA for 6 hr, was used as a template to generate a 32 P-labeled cDNA probe for expression array analysis (CLONTECH). RT probes were hybridized to individual cDNA blots overnight and washed, and gene expression was determined by scanning with a Molecular Dynamics PhosphorImager. Expression levels were determined densitometrically and were standardized to two or more of the housekeeping genes. Two representative sections from the arrays are shown. (B) Epidermal RNA from treated skin was reverse-transcribed, and 10%, 20%, or 40% of the cDNA product was amplified by 20 cycles of PCR in the presence of [ 33 P]dCTP. The PCR products were separated by PAGE. Gene expression was determined by scanning with a Molecular Dynamics PhosphorImager. PCR amplification was determined to be linear when 2-fold additions of cDNA resulted in 2-fold amplification of product. Results are shown for four independent mice: two control, two transgenic. Col-1, collagenase-1; ST-3, stromelysin-3.
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Medical Sciences: Young et al. Proc. Natl. Acad. Sci. USA 96 (1999) remain inhibited (data not shown). Measurements of the epidermal thickness showed that the magnitude of sustained hyperplasia in the tumor promotion-resistant C57BL͞6 strain tested in parallel was diminished, as reported previously (40); however, it was undiminished in the TAM67-expressing B6D2͞N 1 mice compared with the TAM67-negative siblings. The mean numbers of basal to granular cell layers were 4.5 and 4.0 for the control and TAM67 mice, respectively, and only 2.4 for the C57BL͞6 mice after TPA treatment. Furthermore, PCNA staining also showed no differential in the hyperproliferation response, indicating no differential entry into S phase (data not shown). Thus, expression of the dominant negative jun under conditions that inhibited AP-1 transactivation did not function to inhibit the TPA-induced hyperproliferation. Papillomagenesis Is Dramatically Inhibited by the Expression of TAM67. In the mouse skin model, initiation can occur as a result of a single dose of a chemical carcinogen, such as DMBA, which mutationally activates H-ras (42) and promotion is induced by repeated treatments with a tumor promoter such as TPA (3). Naito et al. (43) showed that the B6D2͞F 1 offspring of a C57BL͞6 crossed with DBA͞2 were sensitive to DMBA initiation and TPA promotion of tumorigenesis, with tumor multiplicity intermediate between the resistant C57BL͞6 and the sensitive DBA͞2 parents. To test the activity of TAM67 in genetically sensitive mice, the B6D2F 1 ͞TAM67 founders were backcrossed with DBA͞2 to generate (B6D2F 1 xDBA͞2)N 1 and (B6D2F 1 xDBA͞2)N 2.5 TAM67-positive and TAM67-negative siblings.
TAM67 mice, their negative siblings, and B6D2͞F 1 mice were subjected to DMBA initiation-TPA promotion; the results are shown in Fig. 5 . Papillomas were first palpable by week 7 in the N 2.5 TAM67-negative siblings and by week 8 in the B6D2͞F 1 mice. The incidence of papillomas (percent mice with papillomas) was 100% by week 9 in the TAM67-negative siblings and by week 11 in the B6D2͞F 1 . On the other hand, papillomas were not detected in the (B6D2͞F 1 xDBA͞2)N 2.5 ͞ TAM67 mice until week 11, and many of those mice remained tumor free. Furthermore, the maximal papilloma yield in the transgenic mice was 1.5 compared with 8.2-8.8 papillomas per mouse in the controls, indicating a greater than 80% inhibition of papillomagenesis. Similar results were seen in an independent experiment with the B6D2͞F 1 xDBA͞2)N 1 ͞TAM67 mice (data not shown). These results indicate that expression of K14-TAM67 in the epidermis appears to inhibit tumor promotion in the mouse skin model. Possible inhibition of tumor initiation by DMBA is not excluded, but is unlikely as TAM67 expression produced little or no inhibition of basal AP-1 activity. It is noteworthy that TAM67 expression is not accompanied by hypoproliferation, a response expected to inhibit initiation (35) . The fact that the TPA-induced activation of AP-1 and papillomagenesis were both markedly inhibited in vivo is consistent with the hypothesis that AP-1 activation mediates tumor promotion and that inhibition of AP-1 transactivation can prevent carcinogenesis.
DISCUSSION
Transgenic mice expressing transactivation mutant c-jun are resistant to DMBA-TPA-induced skin papillomagenesis. Expression of dominant negative c-jun under the control of the human K14 promoter in the basal epidermis where tumor promotion occurs is sufficient to block tumor induction. Expression of TAM67 dramatically blocks TPA-induced activation of an AP-1 reporter. The possibility that the TAM67 mice are resistant not because they express TAM67 but because they express a segregating B6 resistance allele is unlikely because these resistance alleles are recessive (43) . Furthermore, the lack of sustained hyperplasia that characterizes the resistant genotype of the C57BL͞6 mice was absent in the K14-TAM67 mice. These results establish a requirement for AP-1-dependent gene expression in tumor promotion in vivo. They further demonstrate a genetic reagent effective in preventing tumor promotion and consequently tumor progression.
AP-1 Transactivation Is Required for Tumor Promotion. Considering that a c-fos null status did not inhibit tumor promotion (19) , it is perhaps surprising that blocking AP-1 transactivation by expressing TAM67 prevents tumor promotion. Whether AP-1 activation is inhibited in c-fos null mice is unknown. One possibility, compatible with the phenotypes of both the c-fos null and the K14-TAM67 transgenic mice is that cFos may not participate in the activated epidermal AP-1 transcription factor complex shown here to be necessary for tumor promotion. This finding suggests that tumor promotion is AP-1 dependent but c-fos independent. The tumor promotion inducing AP-1 complexes may contain Fos family members other than cFos. Elevated Fra-1 and Fos B have been found to be associated with progressive elevation of AP-1 and transformation in other models (16, 44, 45) . Whether the cFos requirement for papilloma to carcinoma progression shown by Saez et al. (19) indicates a requirement for AP-1 activation currently is unknown. A more precise control of the expression of TAM67, for example with a tetracycline-regulated promoter (46) , will allow determination of the role of AP-1 activation in papilloma to carcinoma progression under conditions in which papilloma induction is qualitatively and quantitatively unaffected. The use of inducible TAM67 also will permit separate examination of initiation and postinitiation events.
Hyperplasiagenesis May Occur Independently of AP-1 Activation. Interestingly, TAM67 expression had no effect on basal epidermal thickness or on TPA-induced hyperproliferation. These phenotypes distinguish the TAM67 mice from the K14-HPVE7 (47, 48) and K14-IB␣M mice (49), both of which showed hyperproliferation in response to transgene expression. Tumor promoter-induced hyperproliferation appears to be necessary but not sufficient for tumor promotion (37) (38) (39) . Although skin tumor promoters consistently induce hyperplasia, there are a few hyperplasiogenic agents such as ethyl phenyl propiolate that lack tumor-promoting activity (50). Our observations suggest that tumor promoter-induced AP-1 activation regulates expression of genes required for a promotion relevant event other than hyperproliferation. It is interesting that ODC induction was not inhibited by TAM67. Induction of ODC, which lacks AP-1 sites in its promoter, is necessary for tumor promotion as well as for hyperproliferation (33, 51) .
Genes Excluded as Targets of Transactivation Mutant Jun. Two putative AP-1-regulated candidate target genes, namely MMPs collagenase-1 and stromelysin-3, appear not to be TAM67 FIG. 5 . Papillomagenesis is markedly inhibited by TAM67. (B6D2F1xDBA͞2)N2.5 TAM67 (generated by crossing N3 males with N2 females), their negative siblings, and B6D2͞F1 control mice were treated with a single dose of DMBA (400 nmol) and followed by twice-weekly doses of TPA (10 nmol) as described in Materials and Methods. Development of papillomas was determined by palpation. N in Inset indicates the number of animals. A similar result was obtained with B6D2͞N1͞TAM67 transgenics. targets in vivo, at least in the epidermis, despite the implication of AP-1 activation. A number of candidate MMPs, including collagenase-I and stromelysin-1, also failed to be implicated as TAM67 targets in the mouse keratinocyte TPA-induced invasion model (17) . The recalcitrance of endogenous epidermal collagenase-I and stromelysin-3 to TAM67 inhibition may reflect regulation by non-AP-1 factors. Alternatively, the expression of these genes may be AP-1 regulated, but by AP-1 complexes whose composition differs from that of the complexes regulating the 2ϫ AP-1-luc reporter present in the mice. Thus, although AP-1 activation may be required for transformation, only a subset of potential AP-1-dependent genes are inhibited by TAM67 and therefore possibly responsible for inhibition of tumor promotion. Other TPA-induced epidermal genes excluded as targets of dominant negative Jun are ODC, plasminogen activator inhibitor-2, IL-1␣, IL-␤, and IL-1 Ra. Larger gene arrays from samples taken at multiple time points after TPA treatment appear to be needed to identify TAM67 target genes.
Potential for Prevention or Therapy. Observations using retinoids to prevent tumor promotion in vivo (52) have suggested the utility for targeting AP-1 (16) , but the question of the nonspecific toxicity of retinoids in vivo remains unresolved. The phenotype of the K14-TAM67 mice demonstrates the effectiveness of a genetic reagent for the prevention of tumor promotion, a rate-limiting stage of carcinogenesis. Expression of K14-TAM67 in mice had no obvious effects on the development or health of the transgenic animals. In fact, there was no detectable difference in any of the tissues tested when compared with control animals. Yet, the transgenic mice were dramatically protected from chemically induced carcinogenesis. The lack of toxicity combined with the efficiency at which K14-TAM67 inhibits a rate-limiting step of multistage carcinogenesis are valuable attributes befitting agents having potential utility for cancer prevention or therapy.
